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SUMMARY

- Results are presented of an investigation that has been under-
teken to develop theoretical methods of treating the motions of
hydrofoll systems end to determine soms of the important parameters.
Yariations of parameters include three dlstribubtions of area
between the hydrofolls, two rates of change of downwash angle with
angle of attack, three depths of immersion, two dlhedral angles,
tWwo rates of change of 1ift with irmersion, thrse longliudinal
hydrofoll spacings, two radil of gyration in pitching, and various
horizontal and vertical locations of the center of gravity. Graphs
are presented to show lotatlions of the center of gravity for stable
motion, values.of the stability roots, and motions following the
sudden application of a vertical force or a pltching moment to the
hydrofoll system for numsrous sets of values of the parameters.

: The lateral stabllity of tandem-hydrofoll systems 1s briefly
discussed, and values of the lateral stability roots are presented
for two longitudinal hydrofoll spacings and two vertical locations
of the center of gravity. 77

The snalysie indicates that 1f only the longitudinal motions
of a hydrofoll system are of interest the present theory should
provide satisfactory predictions. An adequate theory for the
lsteral motions, however, must treat the longitudinal and labteral
motions in combination. The conclusions based on the investigation
are that' a large longitudinel spacing between the hydrofoils, a
large rate of change of 1ift with depth of imuersion, and a horizontal
location of the center of gravity near the center of the region of
stable locations are important coritributions in the attainment of
desirable characteristice for the longitudinal motion. An appendix
glves an outline of the methods of theoretical treatment used and
presents methods used in computing the required stability derivatives.
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INTRODUCTION

The use of hydrofolls as an alternative to planing bottoms or
hulls for the support of craft operating on the surface of water has
been of interest for some time. (See reference 1.) Guidoni
advocated the use of hydrofoile as a means of lmproving the take~
off and rough-water performance of seaplanes as early as 1911.

(Ses reference 2.) Some of the advantages claimed for hydrofolls
over planing bottoms are a better ratio of 1lift to drag on the
water and less sensaltivity to irregularities of the water surface.
In addition, if hydrofolls are used, the hull lines can be designed
to favor good aercdynsmlc rather than gocd hydrodynamic charac-
teristics, and by retracting the hydrofoils the aerodynsmic
performance can be even further improved. In splte of the evident
adventages of these devicea and the attention that they have
received, no published work is knowvn to exist on the stabllity of
motlion for systems employing hydrofoils.

The present paper desals theoretically wlth the behavior of a
system supported solely by hydrofoils and is a first apvroach to
the problem of developlng methods of theoretical tresatment for the
more general case where the iInteraction of hydrofoils, hull, and
aercdynamic surfaces have to be taken into account. The %restment
1s based on the theory of small osclllations snd involves assumptions
customerily made In applying the theory. (See reference 3.)

Definitions of all symbols used are listed at the beginning
of the appendix. DTS o

LONGITUDINAL MOTIONS

The longltudinal motlons of a number of hypothetical hydrofoill
systems weres investlgated by means of calculations based on the
theoretical treatment presented in the sppendix. All the computa-
tions were for systems composed of two similar hydrofoils of rectangular
plen form and rectangular tipg. The hydrofolls wers arranged in
tandem and had en aspect ratio of 6 and a total hydrofoil area of
0.188 square foot. {See fig. 1.) The systems were assumed to have
a mags of 0.256 slug and %o operate at a velocity of 20 feet per
gecond In water having e density of 1.97 slugs per cublc foot. The
mass of the system was assumed to include all iltems sush as structurs
and additional mass effect. For systems with dihedral the hydrofoil
area, aspect ratio, and span were based on the part of the hydrofoil
immersed during the initlal undisturbed motion, although unwetted
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parts of the hydrofoils were assumed to projJect above the water far
enough to. ensure that the tips were never immersed during disturbed
motions. (See fig. 2.) Most of these dimensional characteristics -

of the hydrofoll systems were chosen to facilitate comparison of the
theoretical motiones with the results of contemplated experimentsl tests.
Changes in the other parameters were made to determine their effects

on the stable reglons, the stability roots, and the motions resulting
from distuwrbances.

Effect of Parameters on Stable Regions |

The steble region, as used in the present paper, indicates
permissible locations of the center of graevity relative to the .
hydrofoils 1f the lonzltudinal motions are to be stable. The stable
reglon alone, however, gives no quantitative indication of the
degree of stability. The stable reglon is hounded by lines that-
-are the loci of center-of-gravity locstions for which neutrsally
stable longitudinsl motions ococur. The positions of the boundary
11nes, and hence the size of the region, vary with changes in the
parameters of the hydrofoll system eand thus suggest variations of
the parameters that may be of practical interest for more detailed
study. .

The type of unstable motion occurtring just outside the boundaries
has been noted for each of the stable regions in figures 3 to 9;
thus, for each stable region, center-of-gravity locations beyond the
rear boundary lead to an unstable divergence, and in most cages
unstable oscillations occur for locations beyond the front boundary.
The rear boundarv 1 always located farther to the rear of the front
hydrofoll than would be the-case for & similar pair of airfoils
because of the additional. demping introduced as a result of the
geneltivity of the hydrofoils to depth of immersion.

In aidition to the: selection of a " esenter- -of-gravity location =
that lies within. the stable region in order to meet the requirements
for staebllity, certain supplementary practical factors must bs
congldered. For exampleé, negative 1ift on either hydrofoil should.
be avolded; otherwise momentary uncovering of the hydrofoil (as by
a8 vave trough) will be followed by nosing-over if the rear hydrofoil
1s operating at negative 1lift, or nosing-up if the front hydrofoil -

"is operating at negative lift. Furthermors, the longitudinal .
location of the center of gravity is also restricted by the maximum
positive 1ift obtainable, and may be influenced by the desirability
of gperating the hydrofoils néar thelr maximum 1ift-to-drag ratics.
The net effect of such restrictions is to reduce the usable part of
some of the computed stable regions shown in figures 3 to 9.
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Tn the present study, where the effects of power are neglected,
the vertical center-of-gravity locatlon selected appears to be of
secondary importance, low locations being somewhat adventageous.
The effects of power, however, will undoubtedly have an important
bearing on the choice of the vertical center-of-gravity location.

Digtribution of area.~ The effect of the distribution of area
between the two hydrofoils on the extent of the stable reaion is
shown in figure 3. The plan-form arransrements assumed for the |
three distributions treated are shown in figure 1. In arrangement 1
the hydrofolls were identical; in the other two arrangements the
ratio of the distribution of area was 1l:k and the arrangements
differed only in the location of the larner hydrofeil. All the .
arrancements had the same totel hydrofoil ares of 0.188 square foot., |
The horizontal distance between the assumed hydrodynamic centers of
the hydrofoils for all arrangements wag 10.0cy, whers cj 18 the
chord for the arrangement with two equal hydrofoils, and the assumed
hydrodynemic center was located at the quarter-chord voint of the
center section. All the hydrofolils were assumed -to.be immersed 1.0cy
at the hydrodynsmic center during the initial undisturbed.motion.

IMigure 3 shows that the configuration with the small surface
ahead (arrangement 3) gave the largest useful stable region. The.
rearward extent of the stable region for the arrsngement with two
hydrofoils of equal area (arrengement 1) was considered adequate,
however, and because this arrangement permitted certain simplifica-
tions in the calculations, 1t was used for the rest of the work.
The configuration having the main surface ahead (arrangement 2)
would, from theoreticel considerations, be the most efficient
arrangement for developing 1lift but has a considerably more limited
range of sitable center-of-gravity location than do the other -
arrangements . '

Rate of change of downwagh.- In a tandem-hydrofoil system the
downward velocity produced in the fiuid by the front hydrofolil reduces
the effective angle of attack of the rear hydrofoll by the amount of
the downwash ansle ¢. The downwash angle 18 a function of the 1ift
on the front hydrofoil and hence varies with angle of attack. The
rate of change of downwash angle with angle of attack, which is the
factor of interest from the standpoint of stability, will be represented
by the symbol ¢,. The value of €y Will probably be intetmediate

C
between zero snd the theoretical ultimate maximum €y = ?%E —£—Lll

but-to determine the value accurately would require an 1nvestig%tion
of downwash near a free surface. Corresponding limiting values of- €,
which are given instead of €y 1n the figures for the sake of

brevity, are zero and twice the induced angle of attack ai. In order
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to show the influence of the rate of change of downwash on the
nature of the stable region, computations were made for these two
extremes, and the results for a system having two equal hydrofolls
are shown in Ffigvre L. An increase in the variation of downwash
with o shifts both boundaries forward without appreclsbly altering
the size of the stable region. L

The effect of downwash for ths other hydrofoil sarrangements was
found to be similar to that indicated by fisure 4 for the arrangement
with two equel hydrofolls. Because there was no pronounced change
in the size of the stable rexzion with change in downwash, the
condition of zero rate of change of downwash with o was assumed in
moat of the remaining calcwlations, ) . e

The true boundaries of the steble region for the system treated
in figure 4 lie somewhere within the bands defined by the boundaries _
for € =0 andi € = 204, Dut accurate definition of the boundaries
requires that € be known. Conservative estimates will be obtained,
when the value of ¢ 1s not known, 1f the assumptlions are made that
€ = 2oy for computing the locatlon of the rear boundary end that -
€ = 0 for the front boundary.

Depth of immersicn.- The Yift and drag obtained from a hydrofoil
depend upon the depth of immersion 2z, of the hydrofoll in the water..
Bécause appreclable change in the depth of immersion may occur under
normal operating condlitions, computations of the stable reglon were
made for immersion depths of 0.5¢y, 1l.0cy, and l.5¢;. (See fig. 5.)
Limits of the stable region were not altered to any important extent
by the assumed changes in the depth at vwhich the hydrofolls operate.

Dihedral angle .~ The effect on the stable region of increasing
the dihedral angle I’ of the hydrofolls from 0° to 30° is shown in
figure 6. Both the front and the rear boundaries of the stable
reglon were affected by the dihedral in such a way that the increase
in dihedral increased the size of the stable region. . . o

Increasing the dihedral angle from 0° to 30° resulted in an
assoclated increase in verticel damning. It appearsd reasonable
that the improved staebility obtailned by changing the dihedral might
have resulted from this increased vertical damping; consequently
the effect of arbltrarily increasing the vertical damping FTor the
hydrofolls with a dihedral angle of 0° was studied and the results
are dlscussed in the next section.

Rate of change of 1lift with immersion.- If the depth of immersion
of a hydrofoll is changing, the 1lift 1s also changing, and the rate
of change can be exvressed by the vertical-damping derivative 3 /az
It 18 believed that the increassd stability which accompanied the
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increase in dihedral engle from 0° to 30° (discussed in the preceding
section) may have been brought about by the resulting increasse in

the velue of OCr/dz'. Inasmuch as a further Increase in dihedral
angle would decrease the valus of the derivabtive, an explanation of
the increase in 3Cp/0z' when the dihedral was chenged from 0° to 3P
may be of interest.

In order to avold the mathematical difficulties of treating
discontinuous derivatives the assumpbion was made In the present
gtudy, for the case of hydrofoils with dihedral, that a normally
inactive part of the hydrofoil extended sufficiently far above the
water surface to keep the hydrofoill fram belng completely Ilmmersed
at any time during disturbed motion. (See fig. 2.) As a result of
this assumption, hydrofoils with dihedral have a larger variation of
1ift with change in depth of immersion than do hydrofoils with
0° dlhedral becauvse of the increased area brought into action when
the hydrofoll slnke deeper into the water, Thie variation in actlve
area becomes greater as the dihedral angle hecomes smaller. .

The effect on the stable region of increasing the value of
ag&/az' - for each hydrofoil to twice the value that the hydrofoils
hed with 30° dihedrel, bul having other characteristics the same as
for 0° dihedral, may be meen by comparing figures 6 and 7. Doubling
the valus of. BCL/BZ' shifts the rear boundary of the stable region
back considerably and produces pronounced changes in the fronz
boumdary. The former boundary for unstable oscillatlions now bhecomes
an unstable "hump" in the region with a new front boundary ahead of
the hump. The nevw forward boundary represents conditions for an
unstable divergence, but the boundary is too far ahead of the front
hydrofoll to be of any practical interest.

Longlitudinal hydrofoll spacing.- The effect on the stable
region of increasing the longlitudinal spacing of the hydrofoils from
10cjy to 20c) is shown in figure 8. The larger spacing results in a
very large increase in the steble region end in the replacement of
the front bowmdary that indicated unstable oscillations by a new
front divergent boundary. The new front boundary is well shead of
the front hydrofoil, which 1s the practical limit of forward center-
of-gravity location. '

The absence of a boundary for oscillatory ilnstability for the
system with a spacing of.20cl suggests that the large amount of
damping in pitching for this spacing, relative to the piltching radius
of gyration Ky, might result in overdamping and thus prevent the
system from having any oscillatory motion. Calculations with Ky
reduced to glve a similar relatlon between 1nertis and damping for
the small spacing of-10c,, made to check the hypothesis, showsd that
oscillations were still obtalned; thus, it appears that the absence
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of unstable oscillations for the ]arger spacing does not signifv
inability‘of the. system. to. have transient oscillataons.;- ~ omre

.t —— - R R T - 1;;33:: o

The pronqunoed increaae in the siZe of the stable xeggon whenﬁu_"*

the longitudinal spaoing of the hydrofoils is increaﬂcd indicatss; .r
that.a large.- snacing is desiraplq in order: to- minimize the effects-of
unavoidable. changes in centexr=aof- gravity location encougtered 1n e
practice.. In a previous sectiqn gntitled "Dist;ibution of Area. - :i5
a specing of" lOcl weg- usea in. the calculations.mﬂde to shpdy the ...
offects of dfstribution of area. If a larger spacing- had sbeen: smmas
used, it would poesibly have resulted in a sufficient gain in the
size of the stable rsgion for the arrangement with the large
hydrofoll forward to mske this configuration of practlcal value.

Radius of gyration in pitching.~ The marked increase, in
permissibie horizontal center-of-gravity movement when Xy is
reiuced is indicated in figure 9, where the stable range of
horizontal center-of-gravity locetion is shown for zero vertlcal
elevation of the center of gravity with Ky reduced to one>fourth
the value used previously. The pronounced effects of reducing Ky
indicate that increased values of Xy, which are more likely to
be used, should receive attention becauss of possible adverss effects
on the chﬁracteristics of the longitudinal motions.

Effect of Par&meters on Stebility Roots

‘When the equations of motion are sglved the mot*on is obtained
as the sum of a Beries of components callsd modes. Stabliity roots,
which indlcate the degrsc of. stability of the. verions pgodes, can
also be obtained from the equations of motion without effecting a - .
complete solution of the: ‘equationg, A more detailed discussion of
the signi:icance of the stability, roota ig conteinei in’. the appendix
of reference 4. Informatién obtained from thé stability roots.is .,
most useful when the relative magnitude or. importance “of the varioue
modes 1s known. because the roots then provide a.cluo to the nature
of the complete motion. . T

iy EEE U o

In the present analvsis, four stability roots x are obtained
from the longiltudinal equations of mntion and are distinguished by
the subecripts 1 to 4., The naturs of the roote changes with
variations 1n the paremeters of the hydrofoil system. A typical
variation in the reel parts of the roots ieg shown in figure 10, In

general, when the masnitudes of any two real roots become egual, the

two real roots are replaced by a conjugate palr of complex roots,
each having the sames megnituvde for the reéal part. Thue, such pairs ~
of complex roots In figure 10 are indicated by a double line and an
appropriate modification of the subscript. The magnitude of the real
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part fof such complex pairs of roots should be vead off the plots at
the center of the double line.

For every real root obtained fTrom the equations of motlon the
complete solution will_ contaln an aperiodic mode, or campeonent,
of the motion, Ilkewise, for every palr of comnlex roots the motion
will contaln an oscillatory component. When the mermitude of the
real part of any of the roots passes through zero, the motion becomes
unstable.

Horizontal cenbter-of-aravity location.-~ The effect of changing
the horlzontel location of the center of pravity on the real parts
of the stdbllity roots i1s showvm in flgure 10 for a system of two
squal hydrofolls with 30° dihedral. For center-of-gravity locatlons
ahead of the hydrodynamic center of the front hydrcfoll, two real
roots A3 and Ap and a palr of complex roots A,,; exlst. Vhen
the center of gravity is h.l6cl ahead of the front hydrofoll the
k3 )y rcots are unstable, which Indlcates that the center of gravity
has reached the forward bowndary of the stable region. As the center
of gravity 1s moved rearward, the stablllity slowly Improves for the
ogcillatory component of the mobtion represented by the x; ) roots.
Meanwhile the magnltudes of the AL and Ap roots appruach each
other and tecome equal vhen the center of gravity is about 1. 5cy
behind the front hydrofoll. With farther rearward movement of the
center of gravity the roots are coupled as two osclllaticns
represented by Aqp,n and A When the center of gravity is
moved back to the vicinity o% k +5¢c9 behind the front hydrcfoll rather
rapld changes in coupling occur, ﬂich finally result in a real
root A; with a large amount of dampinq, a complex. pair Ap;3 with
moderate damping, and a real root Ay with slight damping. Vhen the
center of gravity 1s moved back to a voint 5. h9cl behind the front
hydrofoil, the magnitude of the A} root becomes zero and the rear
boumdary of the stable reglon has been reached. .

The behavior of the roots as’ the horizontaJ location of the
center of gravity 18 changed indicates that the type of motlon caused
by dilsturbances will be considerably influenced by the longitudinal
location of the center of gravity .

Bate of change of downwasgh.- The effeot on the stablllty roots
of assuming the downwash angle ¢ ‘to he 2a4 1nstead of zero cen be
geen from s comnarison of figures 10 and.ll. Nc pronounced change
In the roots dccurred with variation In ¢, except for a shift of
the pattern of root couvlings with respect to the horizontal center-
of-gravity locatlon; this result is consistent wlth indicatione
obtalned earlier from a study of the. influence of . €y on the stable
reglon. Hence, for the rest of the work the value of . €q, was
assumed to be zero.




NACA TN No. 1285 9

Dihedral.~ The influence on the stability roots of changing the
dihedral angle from 30° to 0° is evident when figure 10 is compared
wvith figure 12. The difference in the rate at which the 5.3
ogcillation develops with reaxrward center-of-gravity movement for
the two dihedral angles accounts for the different appearance of
the right slde of the diagram in the two figures. The most
lmportant feature disclosed by the comparison ls the lmprovement,
brought ebout by the use of dihedral, in damping of the component
of motion involving the root Ay .or the complex pair"x3.u.

Vertical center-of-gravity location.- Figures 13 and Lk
together with figure 10 show the effect on the stability roots of
varying the vertical center-of-gravity location from a point on a
level with the hydrofoils to a point 1Ocy above the hydrofoils. 4s
had been indicated by the diagrams of the stable regions, no
pronounced changes cccur in the nature of the roots when the vertical
center-of-gravity location is shifted. T

Rate of change of 1ift with immersion.- The effect on the
s8tablillity roots of making the value of ECL/BZ’ twice that for
30° dihedral is evident if fisure 15 is contrasted to figure 10.
Doubling the vertical-damping derivative caunsed marked improvement
in the Ag,) oscillation, which suggests that the similar Improve-
ment In démping obtalned by increasing the dihedral angle from
0° to 30° was a vesult of the associated increase in the value
of BCL/Bz’. ' T T

-

Effect of Parameters on Indicial Responses

An indicial resvonse 1s the motion resvlting from a unit forsce
or moment suddenly applied to the hydrofoil system at zero_time and
held constant thereafter. The indicial responses are of interest
beceuse they are of the ssme generel character as the motions
produced by types of disturbance that are likely to be encountered
in practice.

The longitudinal equations of motion (equations (9)) involve
three variablesy; hence three indiclal responses are necessary to
define the motion caused by any specific unit disturbance. The
three indlcial responses may be conveniently represented by the
symbols ay, z'y, and 6, for the change in angle of attack,

vertlcal position, and angle of pitch, respectively, when the motion
is caused by the sudden application of a wmit Cy-force to the

hydrofoil system. Similarly ap, z'y, and 6, are the response
factors for a sudden unit Cp disturbance. ) o L



10 NACA TN No. 1285

The indicilal responses are functions of nondimensional time s,,
typical variations of which are shown in figure 16. The magnitude
of disturbances actually encountered, when expressed in coefficient
form, will usually be considerably less then wnity; consequently, the
actual motions experienced will be of proportionately smsller magnitude
than the Indicilal responses presented but will have the same type of
varistion with time. Values of the indiciel Tesponses after the
disturbance has been absorbed by the system and new steady-state
equilibrium conditions have been reached are represented by short
horizontal lines at the right side of the plots. Buch steady-state
values are not énly new equilibriuvm conditlions for sudden disturbances
but also represent new trim conditions after gredusl changes in the
load condition, such as would result from the use of fuel.,

Horizontal center-of-gravity location.- Indicial responses for
a unit Cg-disturbance applied to a system of two equal hydrofoils
with zero dihedral are plotted egainst norndimensional time in
figure 16 for several horizontal locations of the center of gravity.
Values of Xx; wused in figure. 16 were selected to glve center-of-
gravity locatlons covering all the types of root coupling shown in
figure 12. If the center-of-gravity locations used in Pigure 16
are noted on the diagram of the corresponding stable region (see
fig. 3), the following pointe are evident:

(1) A center-of-gravity location near the front boundary of
the stable reglon 1s conducive to motions characterized by pronounced
oscillations.

{2) A more rearward location of. the center of gravity reduces
the prominence of* the oscillations but increases the ultimate
deviaetion from the attitude that existed before the dlsturbance.

(3) For center-of-gravity locations near the rear boundary, no
dlscernible oscillation 1s noted, but very large departures from the
initiel condition occur.

Comparison of the maximum deviations for the three center-of-
gravity locations of figure 16 shows that, during the interval of
time covered by the curves, the smallest amplitude of motion of the
hydrofoll system occurs for the case with the center of gravity back
35 percent of the dlstance 1 between the two hydrofoils. The
deviation caused by a glven disturbance rapidly becomes greater as
the center of gravity is moved back of the optimum location, with the
result that for such rearward locations a very slight disturbance
would bring the hydrofolls to the surface or cause them to sink very
deep Into the water. Location of the center of gravity any apprecisble
distance shead of the optimum location appears undesirable bsecause of
the pronounced oscillatory motions involved. Such motions would
be both uncomfortable and difficult to control.
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Indiciel responses for a wnit Cpy-disturbance, for the same
conditions as for figure 16, are plotted in Tigure 17. The
dlscussion of the effect of change in horizontal center-of-gravity
location on the indicial responses for a unit Cy-disturbance also
applies for a unit Cp-disturbance, with the exception that the
amplitudes of the motions are least for the most forward center-of-
gravity location considered, instead of for the middle location.
The oscillations are much more persistent, however, for the forward
location than for the middle location.

Because of the large response factors involved for elther type
of disturbence, even when the best center-of-gravity locetion is
selected, motione for hydrofoils with no dihedral will involve large
emplituden whenever a slight distuibance is encountered; hence, it
appears evident that such & type of hydrofoil will not give satis-
factory performance. This conclusion applies only to the arrangement
investigated, where the hydrofoils always remaln completely submergeds
end it shovld not be extended to cover ladder arrangemsnts, for which
a change in effective ares wlth immersion depth produces effects
similar to those for partly immersed hydrofoils with d&ihedral.

Dihedral angle.- The effect on the indicial responses of
increasing the dihedral angle from 0° to 30° may be obtained by a
comparison of figures 18 and 16 for a unit Cgy-disturbance, and of
Pigures 19 and 17 for a wnit Cp-disturbance. The figures indicate
that the effect on the nature of the motions of chenging the
horizontael center-of-gravity location is much the same as that
indicated in the preceding parts of the present paper. Thus, the
most desirable center-of-gravity location appears to be about 3.50¢c;
back of the front hydrofoil, as in the case for 0° dihedral angle.

At any particular horizontal location of the center of gravity the
increage in dihedral causes an appreciable reduction in the indicial
responses. The reduced sensitivity to disturbances when the dihedral
angle was increased from 0° to 30° may have been a result of the
corregponding increase in vertical damping. In such a case, as
mentioned in the discussion of steble regions, a further increase in
dihedral would have an effect opposite to that caused by this initial
increase in dihedrsl. T

Rate of change of 1ift with immersion.- The effect of varying
the rate of change of 1ift with immersion on the indiclal responses
for a unit Cg-disturbance may be seen from s cemparison of
figures 16, 18, and 20. Figures 16 and 18 give the indicial responses
for hydrofoils with dihedral angles of 0° and 30°, respectively;
.whereas for figure 20 the rate of change of lift with immersion
is agsumed to have & velue twice that for hydrofoils of 30°
dihedral sngle but to have other hydrofoil characteristics the
seme as for 0° dihedrel angle. IFf the case for the center of
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gravity at 3.50c, 1is selected in each of the flgures, camparlson
shows the direct relaetion between good riding characteristics and
& large value of JCp/dz'. It sppears, therefore, that a large
value of 30r/dz' should be attained by the use of arrangements
such ag hydrofolls with dihedral for which the effectlve area
changes with irmersion depth, or by the use of some device that
changes the angle of attack when the height varies. Figure 21
glves data corresvonding to the date of figure 20, but with a
unlt Cp-disturbance assumed. Results for the several center-of-
gravity locations assumed in flgures 20 and 21 indicate the same
influence of horizontal center-of-gravity locetion on the motions
a8 has been shown by the computations summarized in figure 17.

Tongltudinal hydrofoll swacing.- Indiclal responses for either
a8 wnlt Cy~dlsturbance or & unit Op-disturbance epplied to &
system of two equal hydrofolls speced 20cy are glven in figure 22,
The horizontel center-of-gravity location in figure 22 is at 0.351,
vhich is the same percentage of 1 +that was nsed in figures 18
end 19, and other conditions are also the same as for figures 18
and 19. Figure 23 glves dete similar . to the dete of flgure 22
oxcept that the spacing has been increased to 100c;. Comparison of
figures 18, 19, 22, snd 23 indicates that lnoreasing the hydrofoil
spacing tends to increase the restraint in pltching and thus
reduces the response in all degrees of freedom for pltching-moment
dlsturbances, and in a1l but vertical motlons for Z-force disturbances.
The effect of increasing the hydrofoll spacing on the motions suggests
thet the spacing should be as large as is practical, in order to
reduce the response to & given disturbance. Flgure 24 shows the
slgnificance of 10c,, 20cy, and 100cq spacings 1f the hydrofoil
gysteme were sttached to a typical flying boat.

LATERAL MOTTIONS

Lateral stability for flying boats has not generally been a
serious problem up to the present time; hence the present investlge-
tion of the laeteral characteristics of hydrofolls was brief and
made chlefly to check the lateral stebility of typlcal hydrofoil
arrangements assvmed in much of the study of longltudinal stsbility.

In the present lnvestigation all the lateral atability
calculations were made for & hydrofoll system consisting of two-
identical hydrofolls of rectangular plan form, each having
rectangular tips, 30° dilhedral, and an aspect ratlo of 6. The
center of gravity was assumed to have a horizontal locatian 0.352
behind the hydrodynemic center of the front hydrofoll. The rate
of change of downwagh at the rear hydrofoll was assumed to be zero.,
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The mass of the hydrofoll system was the seme as that assumed for
the investigation of longitudlnal stabllity. The study was confined
to what was considered the idealized case, where the supporting
struts have no influence on the characteristics of the hydrofoil
system. The method of treatment for the lateral motions was similar
to that used for the longltudinal motions and 1s described in detail
in the appendix.

The effects of changes 1n the vertical location of the center
of gravity and changes in the longitudlnal spacing of the hydrofolls
on the lateral stability roots are indicated by the data of the
following table:

i

(c;i s (chz rts) Lateral stability roots:
2,5 10 -0.54k + 1.1221 | -0.472 +.0.2048
5.0 10 -1,715 * 0.5231 | -0.242 T 0.1011
5.0 20 -2.27h % 1.9581 | -0.221 |-0.292

The zero root that 1s lilsted for each set of values of 12z;
end 1 in the table results because the system 1s insensitive to
heading; theat 1s, the performance does not depend on the initial
direction of travel. The remalning roots listed are elther negative
or have negative real parts in the case of complex roots, which
indicates that all the systems investigated were laterally stable.
Instebllity wes expected in the two cases with the higher center-
of-gravity location, but apparently the stabilizing effect of the
rolling moment thet is developed when the system 1s banked (defined
by the value of the derivative JC;/df) outwelighs the effect of the
higher center-of-gravity 1ocation. Check calculations made with
301/3¢ reduced to nearly zerc but with other conditions the same
as for the second case in the teble showed pronounced lateral
instabllity. From the foregoing results the value of 3Cq /3
appears to have an important influence on lateral stabllity. The
velue of this derivative is likely to depend on the depth of immersion
of the hydrofolls; therefore it may impose a coupling between the
longitudinal end the lateral motions and thus prevent relisble
predictions of the lateral behavior when the longitwdinal motion
is ignored. In contrast, none of. the longitudinal derivatives
appears to be appreciably affected by lateral motians._J
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The data given in the table indicate that raising the center
of gravity and increasing the longlitudinal spacing of the hydrofoils
both increase the total damping tn the hydrofoll system, but the
practical value of the increase In damping cannot he determined
except from a study of the response factors involwved. Such a study
does not seem feasible wmtill experimental checks are made on the
validity of certain of the assumptions mede in developing the theory
for lateral motions.

SUGGESTIONS FOR FUTURE RESEARCH

The present study is based on the assumption of small
dlsplacements., Because of the nonlinearity of many of the derivatives
involved, any appreciable departures from the assumed speed, depth of
imersion, asnd other factors may cause marked changes In the dynamic
characteristics of the system. Studies of maneuvers, such as teke-
offs, of hydrofoll systems may consequently requlre step-by-step
treatment. The development of methods of studying the combined
motions and determination of the effects of changes in forward speed,
hydrofoll loedling, =nd moments of inertia on the motions also appears
desirable. 'For seaplenes the interaction of hydrofoils, hull, and
serodynanmic surfaces muat be congidered. Other facters that should
recelve attention are the Influence of the hydrofoll supports
(partiouvlarly on lateral motion), the effects of power, and the
nature of the downwash near a free surface.

CONCLUDING REMARKS

arrangements, baged on the lifting-line theory. The conclusions

which follow apply to only the longltudinal behavior, inasmuch as

the computations made were insufficient to Justify definite conclusions
regarding the lateral motions,

l. The longitudinal hydrofoil spacing should be as large as 1is
feasible. '

2. The rate of change in 1ift with change in depth of immeraion
of the hydrofolls should be large. Dihedral appears to be
advantageous, 1f the hydrofoll is partly lmmersed, because with
dihedral there 1s & larger rate of change of 1lift with change in
immersion, The rate of change of 1ift with immersion will be
Insufficient for hydrofoils with no dihedral wnless the area is
compoged of several panels in a multiplane arrengement.

-
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3. The rear hydrofoll ares should be as largs as, or larger
than, the front hydrofoll arsa 1f large varlations in center-of-
gravity location are to be accommodated when the longlitwiinal
hydrofoil specing is small (of the order of 10 chords), With
appreciably larger spacings, the arrangement with the main surface
forward sppears to bs sufficiently steble and should be more
efficlent than the other arrangements.

4. The cholce of horizontal center-of-gravity location should
be based on considerations of the resultant characteristics of the
longitudinal motions and the hydrofoil loading. The location should
not be ghead of the hydrodynamlc center of the front hydrofoll, in
order to avold umdesirable losding. The locatlion should be es far
ghead of the rear boundary of the stable reglon as 1s feasibls
without incurring objectloneble oscillations. The best compromilse
from this latter standpoint appears to be a location near the center
of the stable region. For two equal hydrofoils in tandem the best
location appears to be back chbout 35 percent of the distance between
the hydrofoils,

5« If the effects of power are neglected, the vertical center-
of-gravlity locatlon appears to be of 1little lmportance, low locations
being somewhat advantageous.

6. A reduction in the pilitching rsdius of gyration will cause
an eppreclable increase in the range of horizontal center-of-gravity
locatlon that will be stabls.

Langley Memorial Asronautical ILaboratory
National Advisory Commititee for Aeronautics
Langley Field, Va., May 9, 19h7
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APPENDIX

METHODS OF THEORETICAT, TREATMENT

SYMBOLS
h.c. hydrodynamic center
C.8s center of gravity of hydrofoll system

X=y Y—, Z~axes rectilinear refercnce axes fixed in hydrofoil
system, with origin located at center of
gravity (The X-aexis is alined ih the direction
of the initially undisturbed motlion. The initial
position of the Y-exis is directed horizontally
to the right. The Z-axis is directed downward.)

XY 2 forces along X—, Y-, and Z-exes, respectlively
L, M, ¥ moments about X-, ¥—, and Z—-exes, respectively
Zl-axls axis, directed verticaelly downward with respect

to the earth from origin located at center of
gravity of hydrofoil system

Zt displacement elong Z'-axis

@, e, V¥ " angular displacments of reference axes from
initial positions, radiens (see fig. 25)

o, B angles, In radians, glving instanteaneous orientaticn
of reference axes with respect to path of motion
(see fig. 25); thus o is angle of attack
and. B angle of sldeslip at center of gravity

v linear veloclty of center of gravity

Q angular veloclty of hydrofoil system about center
of gravity, radlans per second

m, ¥, W components of V along X-, Y-, and Z-exes,
respectively

P, g, T components of & ebout X—, Y-, and Z-exes,
respectively
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weight of hydrofoll aystem
mass of hydrofoll system

radll of gyration of hydrofoll system about
regpective reference axes

density of water

subscript used to designate front hydrofoll in a
gystem of two hydrofolls in tandem

subscript used to deslignate rear hydrofoil In e
systen of two hydrofoile in tendem

total projected area of immersed part of hydrofoll
system under condltions of steady undisturbed
motion

total projected area of nth hydrofoil

chord of nth hydrofoll

span of nth hydrofoll

aspect ratio of nth hydrofoil

dihedral angle of nth hydrofoil, in radiens unless
specified otherwlsse

dlhedral angie when angle is same for 211 hydrofolls
in system

sngle of attack at hydrodynamic center of nth
hydrofoll, rediens

induced angle of ettack at hydrodynamic center
of front hydrofoil, radisns

downwvash angle at hydrodynemic center of rear
hydrofoll, radlans

rete of change of ¢ with o
rate of change of ¢ with qcq/V

angle of sideslip at hyd:odJnamic center of nth
hydrofoll}, radians
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nondimenslonsl roliing veloclty at hydrodynemic
center of nth hydrofoil, hased on local rolling
velocity in radians per second, bp, end Y

nondimensional yawlng veloclty, with definitlion

similar to that for P%)

n

11ft on hydrofoll system, measured at center of
gravity in direction perpendicular te V and
converted to coefficlent form by dlviding

-J—'QWVZS

_11ft on nth hydrofoll, measured at hydrodynamio

center of hydrofoil under congideration in
a directlon parallel to CL and converted to

coefficient form by dividing by épwves

1ift on nth hydrofoil, measured at hydrodynamio
center of hydrofoil under consideration in
dirsctlon perpendicular to local relative motlion
and converted to coefficient form by dividing

drag on nth hydrofoll, measured at hydrodynamic
center of hydrofoll under conslideratlion in
dlrection parallel to local relative motion
and converted to coefficient form by dividing

by lpv2

welght of hydrofoll system converted to coefficlent
form by dilviding by %pwﬁes

glde force on hydrofoil system, measured at
center of gravlity in directlon of Y-axis and
converted to coefficlent form by dividing

%o, VES

slde force on nth hydrofoil, measured at hydro—
dynsulc center of hydrofoll under consideration
in direction parallel to Y—exis and converted

to coefficient form by dividing by 2o, V2s,
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- coefficient of Z-force, with definitlion similar

to that for CY -

rolling moment about X--axls, converted to coefficlent
form by dividing by Zo VeSb,

rolling moment at hrdrodynamic center of nth hydrofoll
about axis parallel to X-axis, converted to

coefficlent form by dividing by J—-pwVESnbn
2

pitching mcment about Y—axis, converted to coefficlent
form by dividing by %prcl

coefficients of yawing moment, with definltions
similar to those for C; and (CZ) s respectively
n

the derivative BC]—_n / 89—31

XL—component of distance from center of grevity to
hydrodynamic center of front hydrofoil, c;-units

X~comrponent of digtance from hydrodyansmic center of
rear hydrofoll to ceater of gravity, c'l—units

distence between hydrodynamic centera of the two
hydirofoils measured parallel to X-axis, cl—units

Z—component of diastance from center of gravity to

Lyjurodynsnic center of nth hydrofoll, cl-units

operating depthy dlstance from water surface to
hyérodynanic cenbter of nth hydrofoil duvuring
stoady wadisturbed motion, cp~urits

operating depth when depth is same for all hydrofoils
in system ‘

parameter of nth hydrofoil used to determine value

of a(cy)n/a(%)n
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Y-component of dlstance from hydrodynamic center
to centroid of 1ift on one panel of nth hydrofoll,
bp-units

vertical displacement of center of gravity during
disturbed motions, c¢4-units

vertical. displacement of hydrodynamic center of nth
hydrofoil during disturbed motions, cp-units

mass of hydrofoil system, Zp.Scy-units
mass of hydrofoll system, #p,Sby-unite
radius of gyration ebout Y-axis, cq-units

radii of gyratlon about X- and Z-axes, respectively,

time, seconds

time, ©1/V vnits (To convert nondimensional
time Into second unite use t = acclfv. The 8¢

time scele may alternatively be converted into
distance traversed i1f values of s, are multiplied

by c1 v)
time, by /v units

stability root;-wilth various numerical subscripts
used to distinguish the different roots

disturbance function; a Z-force of variable magnitude,
time history of which is indicated by form of
function (Thse complete description of any arbitrary
dlsturbance acting on tlie hydrofoll system may be
expressed by use of this and the additional
disturbance functioms M(t), Y(t), IL(t), and
N(t), with definitions similar to that for Z(%).)

nondimensional disturbance function, similar
to Z(t) but with force expressed in coefficlent
form and with time in nondimensionel units
(Similar definitions apply to Cp(sg), OCy{sp),

Cy(sp), and Cp(sp).)
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s zt,s 6, indicial responses glving motions In o, z?,
and 6, respectlvely, caused by sudden
application of wnit Cy—disturbance to
hydrofoll system
Cps 2%ns Op indiciel responses glving motions in o, =z!, .and 8,
respectively, caused by sudden applicatlon of
unit Cy-distwrbance to hydrofoll system
ki empirical constant used to determlne value
of B(CL)n/Bz‘n -
ke, k3 empirical constants used to determine value
or 3(0y)_ [,
Ky, k5 empirical congtants used to determine value

of B(CD)n/aan

Iongitudinal Equatlons of Motion

The longitudinal motions of the hydrofoll system are referred
Yo the system of axes described in the ligt of symbols. The choice
of axes that correspond to those customarlily employed in studies of
elrplane stability should facilitats extension of the present hydro—
Toll theory to include the effects of aserodynamic surfaces. The
equations of motlion are based on the assumption that the lLhydrofoll
system cen be replaced by a particle at 1ts center of gravity having
amass nm and radli of gyration Ky, ky, kZ about the respective

reference axes equal to thoge of the hydrofoll system. The analysis
is also based on the asgsumption that the velocitles V in the
direction of motion and u along the X-axis are constant and that
departures from the initlal conditions of motion are small. The
further assumption ls made that the longitudinal displacements Z!,
8, and along the Z-axls, in the plane of symmetry of the hydrofoil
gystenm, are Independent of the lateral motions involving the
displacements @, ¥, eand along the Y-axis. This assumption yields
satisfactory theoretical predictlons of the motions oF airplanes Iin
normel flight and appears warranted, based on the nature of the
deviations involved, in the treatment of the longitudinal motion

of hydrofolls. Its epplication to the latersl motions of hydrofoils
ie made with reservations, as mentioned in the main test.
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By the use of D'Alemberts principle, the following equations
of eguilibrium at the center of gravity are written for the forces
and moments involved in the longitudinal motions:

2, )
az ,bz 3z X, %
- v = 7' 6 — + Z{t
mé;é- ng St %t % (t)
> (1)

me2d%0 _ M oy M
Ydtz m+z_a%4_r+eae+q%§+M(t)J

where Z(t) =and M(t) are arbitrary disturbance functions. The
cquations have the same form as the familiar equations of longitudinal
motion for an airplane, except for the addition of derivaetives with
respect to Z' and 6. The equation of squilibrium involving the
X-forces is omitted because u 1s assumed constant. Equations (1)

< _ az _ W - a9
can be simplified by using w = T o = 7 and ¢ ey to give
ae, dZ IS} a o )
- a8 o 27 2, 2 Z
Wag - Wy = a§a tlEn Ot z(t)
> (2)
2 M
20°6 M |, .M M
MKy = P+ 7 + + Mt
ate ot gt % e v MY B

If equations (2) are rewritten in a nondimensional form, the solutims
obtained will be genersl in character. The method used to make the
various terms of the equations nondimensional involves expressing all
angles in radians, all forces and moments in the standard NACA
coefficlent forns

Oy, = (3)

1, w2
EPWV S
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M
6, =L | )
= 20, V250,

all lengths in terms of the chord ¢, of the front hydrofoll, all
times in terms of the time cy/V requilred for the system to traverse

the dlgtance cq along the path of motion, and the mass in terms

of %prcl units. The nondimensional guantities of mass p,,
time s,, vertical displacement 2%, eand radius of gyration Ky

about the Y-axis thus bear the following relations to the
corresponding dimensional quantities:

ey |

t

8, = 6)

€ ey /V D (_

= 2L

z$ or (7)

KY = o1 (8)

© In equations (3) to (8), p, 1s the density of water and § is

the total projected hydrofoll area in the hydrofoil system.

The nondimensional form of equations (2) becomes

-~

N . . . .
G _ge ) . Xz, o202, 00 Xz
Ho\dse ~asg) %'F 5t T %6 T as, LT ACEY f
-
- (9)
2 oC. ' '
""’OK 8 = - ziégﬂq.e_aﬁq.g.‘;?—cm_{.cm(sc)
82 % 3zt 38 dsc (20

~
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Also, from geometrlic conslderations,

d.Z' J
re—"r - I« A 9 0

In squetions (9), Cy(es) and Cp(s,) are funotions of nondimensional

time that describe the epplication of disturbing force end moment
coefficients to the hydrofoll system. The methods used to make the
terms of equations (9) nondimensional have the advantage that the
nondimenasional equatlons obtalned retain the seme form as the original
force equations; consequently the physical significance of the non—
dimensional equatlons shonld be more reedily evident. Solutiong of
motion obtained from equations (9) are likewise nondimensional and
may be congldered as proportions, eppliceble to all similsr hydrofoll
systems, and cepable of conversion to customery engineering unite in
any glven cage by use of the charecteristic dimensions cq and V
pertinent to the specific deslgnm.

Steble regions and stabllity roots for the longltudinal motliona
can be obtained from squations (9) in conjunction with equation (1.0)

by methods discussed in reference 4., The stabllity equation for the
longlitudinal motions has the fornm

eD* + bD3 + D2 + D + 0 = O (11)
- Boumdaries for the stable reglons were obtained from the conditions
(bo — 2d)d —~ b2 = 0 (12)

for the oscillatory Powmdery and .
e =0 : (13)
for the divergence boundary. The quantities involved in equations (12)

end (13) are the coefficients of equation {11), which in turn are
functions of the factors of equations (9) end (10). Thus,

3 ' 3y, (3Cy . €
eagzgl(.:.‘;:ms_‘gm-a—:?(&zar-a;% (1)
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Equation (12) 1s the familihr Routh's discriminent, but ite expression
in terms of the Pactors in equations {9) and (10) is considered too
lengthy to be presentsd here.

Longltudinal Derlvatives

Values must be assigned to the various partial derivatives
appearing in equations (9) beforo the equations cen be solved. No
experimental values for the derivatives were avallaeble; hence computed
values were used. The compubed derivatives were evalueted on the
basgis of experimentel hydrofoill data obtained from results of tests
made In the Tengley tank no. 1 at verious immsrsions and speeds.

A discussion of the methods used to corpute the various derivatives
follows. Deta presented in connectlon with the discussion are for
hydrofoils of rectangular plan form and tips, with en aspect

ratio of 6, and operating at a velocity of 20 Peet per second.
Experimental vesults indicete that, for a given angle of attack,
marked changes in the 1lift and drag coefficients of hydrofoils
occur with changes in speed. The values of the derivatives would
undoubtedly be equally affected by any pronounced change in speed
from that assumed in the investigation. . . .

Change In Z~force with verticel displacement of the center of
gravity BC‘Z/BZ’.- I the center of gravity moves downward, the

hydrofolls are immersed deeper in the water. Experimental results
Indicate that an increase in the depth of immersion of a hydrofoll
is accompanied by an incresse in the megnitude of the 1ift obtained.
The increase in 1ift 1s proportionsl to, and of the same sign as,
the initisl 1ift. Thus, .

3,

4
an

=% (cl»}n ' (15)

Velues of k; are given in figure 26 for a dihedral angle of O°

end in figure 27 for dihedral angles of 200 and 30°, The value
of kl depends on the normal operating depth _ zon of the hydrofoll,

The discontimuities in the curves of figure 27 coincide with the
point where the tips of the hydrofoil bresk the surface. In flg-
ure 26 end subsequent Pigures (GL)n 1s based on the total ares
of the hydrofoil instead of the immersed area, and Z°n is

measured in chord lengths of the particular hydrofoll under
consideration.
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The value of nBCZ/Bz' for a complete hydrofoil system 1s the -
negative sum of the values of BGLn/Bz' for the individual hydrofolls.

The values of BCLn/bz' Por the verious hydrofoils are derived from
the a@n Bz'n valuese obtained from figures 26 or 27 by meking

proper allowence for the different areas end chords that are used
to meke the various terms nondimensional.

Chenge in Z-force with angle of attack BCZ/EQ.—-The value of
the derivative 0Cp/dx  is the negative sum of the values
of 3C, [da (that is, the slopes of the 1ift curves) for the

1,
individual hydrofoils. As in the case of <JCy/dz', differences

in the areas used in Porming the coefficients mmet be taken into

account when the addition is made., The slope of the 1ift curve

depends on the depth of immersion of the hydrofoll. Typical

variations of the slope are given in figure 28 for 0° dihedral

engle and in figure 29 for various dihedral angles. When figures 28 -
snd 29 are used to determine the slope of the 1lift curve for the

rear hydrofoil, the value obtained is with respect to the local )

angle of attack a@n at the rear hydrofoll. In general the velus -
of a5 1s less than that of o« (measured at the center of gravity)

by the emount of the downwash angle € at the rear hydrofoil. The
slope of the lift curve for the rear hydrofoil must be corrected
for downwash to give the required slope with respect to a, The
correction is applied by multlplying the slope obtained from
figure 28 or 29 by the factor 1 — €y, where €, has some value

In the range '

3
Oéemé—g—_gc_L.}l (16)
Aj, 3“1

In equation (16), Al 18 the aspect ratio of the front hydrofoll
and a@L)l /aaq_ is the lift—curve slope obtained from figure 28

or 29 for the front hydrofoll.

Change in Z—force with pitch attitude BOZ /36.- A change in .

the pltch attitude of the hydrofoil system will cause a differential
change in the depth of immersion of the hydrofoils. The effect on
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the Z—force may be estimated from the geometry of the system and
the date of figures 26 and 27; thus, for two tandem hydrofoils

30 = 51 a@L}L x, - 22k ____3(01,)2 X (l"t")
o8 S 3z%, S ¢ gzt

Change in Z-force wlth pitehing veloclty BCZ/BE-%L.— The chief

effect Of & pltching velocity about the center of gravity of the
hydrofoil system is to cause a change in local angle of atitack at
each hydrofoil. The change In effective camber for the pltching
hydrofoll introduces = small additlonal component of vertical force,
(See reference 5.) The total effect for two hydrofoils in tendem

may be assumed to be

g =-C; =0 (18)
9% ay 9,
o
where
| 5 3Cn),
chl 5 (=x) + 0.5) (19)
3

or, —Q-CI‘-E ( ~ e, + O 5—2 (20)

q2 .

In equations (18) and (19), B(CL) /Bme is the lift-curve slope for
2
the rear hydrofoll, based on the local angle of attack ap; Xy and
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X, &are the X—components of the locations of the front and resar

hydrofoll hydrodynemlc centers from the center of gravity expressed
in terms of c¢q; and g, Iindlcates the rate of change of downwash

sngle et the rear hydrofoll with change in nondimensional pitching

veloeity qeq/V. The value of ¢g Will be in the range

20r,
05 ¢ § 2k (21)
T may

Change in pltching moment with vertical displacement of the
center of gravity ac z' .~ The changzs in 1ift, menticned in the

discusslon of the change in Z-force with vertlcal dlsplacement of
the center of gravity, produce moment changes about the center of
gravity, the megnitude of which depend on the X~components of the
distances of the hydrofoll hydrodynamlc centers from the center of
gravity. Ths drag alsgo Increapes with deeper immersion of the
hydrofolls, Analysie of the date obtained in Ilangley tank no., 1
indlocates that the change in drag can be expressed as

a(CD) ()2 + (o)

Values of k, and k3 ere given in flgure 30 for 0° dihedral

engle and in Plgure 31 Por 30° dihedral angle. The drag changes
miitiplied by the Z—components of the distances from the center
of gravity to the hydrofoll hydrodynemic centers glve the drag
contributions to the change in pitching moment., For two hydro—
folls in tandem

o520, a3, 5 X)), %o ),
ozt 8 az'l 8 C2 8232 2 3 bz'l 17 g °2 Bz’
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Chenge in pitching woment with angle of attack 30p/dc.—
Physical consgiderations lead to the expression, for two hydrofoils,

3y, a(c oCr) _ %
poali Esl magf)l T - %2- (- cq) ———a(ae'e (CI.> - ‘&‘)'l“ 1
o
(1 —cg) (cL) (CZ - a(:z)ad zp (24)

where (_CD) is the drag coefficient of the front hydrofoll tased
onr the sares’ of the front hydrofoil; (GD) is the drag coefficient

of the resr hydrofcil based on the area of theé rear hydrofolil;
end zy eand z, are the Z—components of the locations of the front

and rear--hydrofoil hydrodynemic centers from the center of gravity,
expressed In terms of cy.

The slope of the dreg curve for each hydrofoil must be known to
determine oCp/3a from equation (24). The empiricel relation

B(CD) kh( ) . | (25)

was obtalned from an analysis of the experimental data. Values
of kh and k5 varled with the depth of lmmersion of the

hydrofoils in the manner shown in filgure 32 for 0° dihedral angle
and in figure 33 for 30° dihedrsl angle.

Chenge in pitching moment with pitch attitude JC,/d0.— The

differer:vlal change in the depth of lwmersion of the hydrofoils
Introduced by & change in the pitch attitude of the hydrofoil
system leads to variations in the 11ft and drag Ffor each hydrofoil.
These variations csn be trenslated into & variastion in pitching
moment about the center of gravlity by use of the gecmetry of. the
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hydrofoll asystem end equations (15) and (22). For two tandem
hydrofolls

_a_(‘m_ sla(CI>l .S.Egi.a_%xa;ié(—g)ilxz
T S op dzt, 2 8 ¥, 11

_52 % (%)

c
8 2 52'2

XpZp (26)

c
Ckenge in pitching moment with pitching veloclty oC, /B%}.—-The

only importent contribution to the pitching moment produced by a
pltching velocity about the center of gravity ls that associated
with the change in 1ift on each hydrofoll as a result of the change

in locael angle of attack, Thus,

3 afc . afc "

e ?S.L 3}, x,? - -sig- (2 = <q) L)e X, (27)
L % ¢

-

Lateral Equations of Mctlon

Eamations expresslng the sgqullibriumae of the forces and moments
Involwel in trke lateral notlons are wrltten on the seme asswmptions
as thore ussd to obtain the lonzitudinel equations. The equations

of lateral motion are
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aey - ‘ oY CdY | dY .
= —_—+ W

ma;—é-i-mrv Vg§+¢(a¢+>+p$+1‘a—r+'f(t)

- . S .

24d =v§£+ aI'-:-1:u---+J:--a-—I'-+I.'t;) 8 28)
ey ate ov ¢B_§Z dp or ( (
. 2 . ' °

2d%y _ N N N n(e
i v il A A

vhere Y(t), IL(t), and N(t) are arbltrary disturbance functions.
Equations (28) can be simplified by using v = QZ, B=X p= %_%,
end =& to give
dat
. ™~
TN N PR /.4 P, A
mvgt-t-mvgt E'§§+¢(a¢+w +dtap+dtar+Y(t)
2 -
28 gL, @, Yr L
pulloy v Ba;3 + St E S * = =+ {t) > (29)
2d% _oN, ON 4 W . ay W
—_— = b= + -+ — + — + N(t
me at o8 ¢S-¢T dt op 8t dr (t) )

Equations (29) will next be written in a nondimensionel form similar
to that used for the longlitudinal equations. Thus, all angles will
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be expressed in radlens and all forces and moments In the stendard
NACA coefficlent forms

= —L.. (30)

Oy = —tl e (31)

C.L = _._Ia._..._. (3_2)

Cp = ——H— (33)
JE'DWVQSbl

Because of the different basise for forming the moment coefficients
(cf. equation (4)) in the nondimensional lateral equations of
motion, all lengths will be expressed in terms of the span of the
front hydrofoll by, ell values of time in terms of the time by /¥

required for the system to traverse the distance by along the
path of motion, and the mass in terms of %gWSbl units, The

nondimensional mess ,,, time sy, and redii of gyration Ky

end Ky thus boar the following relations to the corresponding
dimensional quantitles:

O (| S (31,_)

504501

My
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t
8p = (35)
by [V
K= N 5
1 _
- X
K, ™ - (37)
The nondimensional form of eguations (29) becomses
ap I Jag oy ey By
ustb ) "% G a¢ +o) - 2%, P “baf;";”"(s")
. \ . . > (38)
a=g Oy X1, a8 9% dllf Bcz
pRx ds-be 3 + ¢B7-+ as, 313%_;;_ o__l cz(?‘b) o
Kf? By | BE;Q ; ¢§g§ ; ag BCn' - A W C.(sb)
"2 a2 OB 'of | dsp 9P agy S
v

vhere CY(sb),

Cy(sy), and Cy(sp) eare functions of nondimensional

time that can be used to define the application of any lateral

disturbance to the hydrofoll system.
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Iateral Derivatives

‘Tn order to obteln a solution from equations (38), the various
partlal derivatives involved muet be glven numerical values. No
experimentally determined values were avallable for any of the
derivatives, and computed values were therefore used. ZIExperience
has shown that theoretical methods are unrellable for obteining meny
of the leteral stablllty derlvatives of slrplanes. This fact,
coupled with the addltlonal complication of the presence of a free
surface, suggests that theoretlcal computations of the derivatives
for hydrofolls wlll be even less satisfactory. Flaborate theoretical
analyses to obtaln the values of the lateral steblility derivatlves
of hydrofolls, therefore, appear to be unjustified until experimental
data are avallable for use in checking the accurascy of computed values.

For most of the lateral derivatlves, the values of the
derlvatives were first computed with respect to the hydrodynamio
center of the hydrofoil for motions at the hydrodynemic centers from
the geometyy of the hydrofoll system the derivatives at the center of
gravity of the hydrcfoll system for motions at the center of gravity
were obtained. The followling discussion will be mainly confined o
methods of computling the lateral derlvatlves at the hydrodynamic center
of the hydrofoll. BSuclh derlvatives can bve readily converted to
derivatives at the center of gravity of the hydrofoll system by the
use of elementary mechanics when the geometry of the system is known.
" Numericel data presented in connection with the discussion of the
lateral derivetlves were obtained from the same sources and the same
operating conditions as those used In obtaining the longitudinal
derivatlives. The expressions derived are for. the lateral derivatives
of an "1deal" hyvdrofoil system without supporting struts. The presence
of the supporting struts usvally required will undoubtedly have a
large influence on the values of certaln of the lateral derivatives.

Change in Y-force with sldeslip acy/EB.- During sidesllp the

effective angle of attack is differentlally eltered on each side of
the hydrofoil, which changes the 1lift on each helf in such a way that
8 component of side force is Introduced, This effect 1s a function
of the dihedrel of the hydrofoll., In addition, the direction of the
drag force 1s rotated to one slde during sideslipping. The sum of
these effects ls

3 Cr)n 3
_.g.‘;;__ o — _.é%}& r,tea T - (CD)n (39)
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where (CY) is the coefficlent, based on §;, of the Y-component
n

oP force at the hydrodynamic center of the nth hydrofoll and ﬂn

is the sideslip angle at the same point. The dihedral angle of
the nth hydrofoil in radlens is indicated by | The value of

iﬂ)ﬁ required in equation (39) can be obtained from figures 28

or 29, and the value of (GD)n is given in figure 34 for 0° dihedral
angle and in figure 35 for 30° dihedral angle.

Change in Y-force with angle of bank ch/afé.- The value of the
derivative BCY/B¢ was estimated by treating eech panel separately

a8 8 hydrofoll of which the dihedral angle, angle of attack, centrold
of 1ift, lift—curve slope, and immersed ares vary wlth angle of bank.
The change in effective aspect ratio, which should be small for small
changes in tank angle, was neglected, The variation in dihedral angle
and. immersed ares wlth angle of bank was obteined, by graphical
methods, for banking about the center of gravlity of the hydrofoil
system. The changes in lift—curve slope and centroid of 1ift with
dihedral angle were obtained from figure 36. The value of a(OL) Ban

in this figure is for a 1ift coefficlent based on the projected area
of the hydrofoil while banked, rather than on the inltisl projected
area, and with the 1lift measured vertically regardless of the bank
attitude. The lateral displacement of the centrold of 1ift from the
Juncture of the hydrofoil panels 1is given by the value of Yo in

figure 36. In order to make ycn nondimensional it 1s expressed in

terms of twice the projected span of the banked panel. The new angle
of attack of the panel after a change in bank 1s

@ = oy cos 'y sec T (40)

where the subscript O refers to the initiael values for the hydrofoll
panel, and ' and o are the values of the dihedral angle and angle
of attack of the panel after a change in bank. (Note that I' =Pg £ ¢,
where the sign depends on whether the left or right panel is involved.)
Equation (40) and the values of a(cL) ru/aan end yo  obtalned from

figure 36 can be used to determine the megnitude and point of -
application of C; <for each banked panel. The value of Cy for

the benked hydrofoil 1s then determined by rules of simple mechenics.
The value of BCY/B¢ is obtained graphically by plotting the values
of CY determined for several wvalues of ¢ end measuring the slope
of the resulting curvs.
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Is]
Change in Y—force with rolling velocity BGY/Bgﬁ;.-'An estimation

Pb
of the velue of the derivative acy/aﬁvl. was obtained on the

agsumptlion that the silde force would be zero for rolling of the
hydrofoill about 1ts effective center of curvature in front elevation.
The derivative for rolling about the center section of the hydrofoll
cen then be obtained by an expression of the foim '

ONECN -
aZP‘-}) T 3B,

The parameter =, is given in figure 37 for various dihedral angles.

rb
Chenge in Y-Fforce with yawing velocity aCY/val.- The derivative

rb
BCY/B<FL was assumed to be zero for yawing about the hydrcdynemic
center of the hydrofoll,

Change in rolling moment with sideslip oC,/O8.— The differential

change in 1ift, produced on each panel of a hydrofoll durlng sidesllp,
introduces a component of rolling moment about the center section.

An additlional component of rolling moment arises because.the péint of
application of the side force produced by sideslip llies above the
center section, The sum of these effects 1s

G N ( Arky 20 i (12)
B, daryy BBn

vhere yo 18 obtained from figure 36 and B(QL) /aqh from figure 29.
n

Change in rolling moment with angle of bank bcl 3¢ .~ Increments
of CL and Cy, caused by a change in engle of benk, c¢en be computed
by methods outlined in the discussion of 3Cy/df. These increments,
when multiplied by eppropriate moment arms (expressed in span

lengths), are used to obtain a plot of €; against @, from which
the value of 3C3/0¢ 1is measured.
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pb
Change in rolling moment with rolling velocity 307,/6-}1'-.-
Reference 6 gives -0.2 ag an average value of the derivative

acz_/ali'l;,l for a canventional airplane wing. The value for a hydro-

foil will probably be somewhat smaller, but In the absence of
experimental data the average value mentioned was used for rolling
of the hydrofoll about its center section.

b
Change in rolling moment with yawing velocity acz_/ar—vl.- The

average value

3(Cy),, i} QCL)il.
a(!% 8

(43)

rb
was used for the derivative oC, /B-qvl- Reference 6 Indicates that

this value is sultable for wings wilth moderate taper, snd the loss
of 1ift on parts of a hydrofoll thet approach the surface would
result in a gimiler 1ift distribution if the hydrofoil hed dihedral.

Change in yawing moment with sldeslip dC,/0B.— During sideslip

the 1ift vector for each panel of a hydrofoil remains perpendicular
to both the hydrofoll leadinz edge and the direction of motion.
Hence, the projection of the 1lift vector on the horizontal plane ~ ° .
rotates forward for the leading panel and rearward for the trailing
penel. The resulting couple about the hydrodynamic center of the
hydrofoll 1s

d(c
éﬁ-?ﬁ = “("L)n Ve, ten Ty (1h)

Change in yawing moment with angle of bank dC,/df.— If, during

banked motion of a hydrofoll, the centroid of drag for each panel is
ageumed to have the same location as the centroid of 1ift end if the
additional assumption 1g made that the varilation of drag with 1ift is
the same in the banked attitude as for zero bank, J3C,/0f can be

computed by methods similar to those used for dCy/df and 3C,/d4.




38 NACA TN No. 1285

b
Chenge in yewing moment with rolling velocity aon/a?-‘;l.- The
average value given in reference © for an elliptical distribution

b
of 11ft was used for the derivative 3C, /a%;-l-. Thus

o
2@, (o) - "‘%

a(l’%)n 16

(k5)

The elliptical loading wes agsumed to epproximate the loss in 1ift
over the tip parts of a hydrofoll wilth dihedral and with the tips
at the water surfacs.

. rb
Change in yawing moment with yawlng velocity BCn/%~§;.- The
value o

3en), (&),

®, "

appears to be a sultable approximation to the expression glven by
Glenert for elliptical wings (see reference 6) and hence was used in
the celculetions. The selection of elliptical loading was based on

the peme considerations ae for the derivative aCn/SE%l.
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